Comment on "The putative liquid-liquid transition is a liquid-solid transition in atomistic models of water" [I and II: J. Chem. Phys. 135, 134503 (2011); J. Chem. Phys. 138, 214504 (2013) We used flat-histogram sampling Monte Carlo to study capillary phase transitions in deformable adsorbent materials. Specifically, we considered a pure adsorbate fluid below its bulk critical temperature within a slit pore of variable pore width. The instantaneous pore width is dictated by a number of factors, such as adsorbate loading, reservoir pressure, fluid-wall interaction, and bare adsorbent properties. In the slit pores studied here, the bare adsorbent free energy was assumed to be biparabolic, consisting of two preferential pore configurations, namely, the narrow pore and the large pore configurations. Four distinct phases could be found in the adsorption isotherms. We found a low-pressure phase transition, driven primarily by capillary condensation/evaporation and accompanied by adsorbent deformation in response. The deformation can be a relatively small contraction/expansion as seen in elastic materials, or a large-scale structural transformation of the adsorbent. We also found a high-pressure transition driven by excluded volume effects, which tends to expand the material and thus results in a large-scale structural transformation of the adsorbent. The adsorption isotherms and osmotic free energies can be rationalized by considering the relative free energy differences between the basins of the bare adsorbent free energy. https://doi
I. INTRODUCTION
The deformation of adsorbent materials accompanying fluid adsorption (and desorption) is a well-known phenomenon. Measurable volume changes have been reported for a variety of porous materials, such as clays, porous silicas, controlled pore glasses, zeolites, polymers, aerogels, and metal-organic frameworks (MOFs). [1] [2] [3] [4] [5] [6] [7] [8] [9] In applications such as shale gas extraction, [10] [11] [12] accounting for these volume changes is important because they can impact the structural integrity and production of a reservoir. In catalysis and separations, changes in adsorbent volume can lead to significant physical degradation of the porous particles comprising the unit operation, adversely affecting its performance. [13] [14] [15] [16] [17] [18] Additionally, transport and thermodynamic properties of confined fluids are known to depend on pore volume. [19] [20] [21] Adsorption-induced deformation can therefore have a significant impact on confined fluid behavior. 22, 23 From an engineering perspective, developing tools to estimate even the magnitude of these effects would be helpful in the design of processes employing membranes or adsorbents. 24, 25 Emergent porous materials (e.g., MOFs), which are composed of both organic and inorganic "building blocks," are receiving considerable attention owing to their unique combination of thermal stability, high internal surface area, and regular pore structure when compared with polymer membranes. Combined with their tunable pore chemistry and structure, MOFs are considered a highly customizable class of materials with immense potential in energy-efficient separations and gas a) vincent.shen@nist.gov storage. 17, 26, 27 Fluid adsorption is clearly a mechanism central to their performance. However, when compared with conventional zeolites, MOFs are considerably more flexible, posing concerns of mechanical stability in practical settings. [28] [29] [30] [31] On the other hand, an intriguing question is whether the structural changes in a flexible adsorbent can be exploited to enhance the selective separation of fluid mixtures. [32] [33] [34] [35] [36] In gas storage applications, an interesting route to optimize the usable capacity in adsorbents is through modification of the phase transformation characteristics of the material. 37, 38 Thus, it is of fundamental interest to understand how material flexibility and fluid adsorption affect each other. Fluid adsorption is also an important phenomenon used in the characterization of porous materials; knowledge of the equilibrium capillary condensation pressure is used to determine pore size distributions. 39 Implicit in this analysis is the assumption that the material is completely rigid, which is inappropriate in the case of soft porous crystals. 40 It is therefore important to study the impact of adsorbent flexibility on capillary phase transitions.
Because reliable, high-throughput synthesis and characterization methods are still in development, theory and simulation figure prominently as tools for elucidating the basic physics of fluid adsorption in flexible adsorbents. These are important scientific tools because they can efficiently and systematically explore parameter space (e.g., operating conditions and material properties). In this regard, thermodynamic modeling, such as osmotic framework adsorbed solution theory (OFAST), has been useful in predicting the structural deformation of model adsorbents that can accompany fluid adsorption. 41, 42 Molecular simulation is an insightful tool for uncovering molecular-level mechanisms driving adsorption-induced deformation. However, evaluating the effects of adsorbent flexibility on observable adsorptive behavior (e.g., the adsorption isotherm) via direct simulation has been a challenging task for a number of reasons -a primary one being the lack of accurate and transferrable force fields that capture the mechanical properties of the bare adsorbent material itself. Moreover, incorporating the adsorbent degrees of freedom is computationally expensive, especially at an atomistic level since the adsorbent atoms can comprise the majority of the system. In this light, simplified models of adsorbent flexibility can be particularly useful in building up a basic understanding of the fundamental physics underlying the behavior of a fluid within a deformable adsorbent. Even with simplified models of flexible adsorbents, conventional brute-force simulation methods are inadequate for traversing the rugged free energy landscapes in these systems. Specialized hybrid methods combining the benefits of molecular dynamics and Monte Carlo have been developed to address this problem, [43] [44] [45] [46] [47] [48] but they still struggle to surmount the large free energy barriers associated with phase transitions. Recently, flat-histogram sampling methods have been used to construct the free energy landscape for fluids adsorbed in flexible slit pores, thus providing a comprehensive description of their equilibrium thermodynamics. 35, 36, [49] [50] [51] These approaches require as input the free energy of the empty adsorbent as a function of volume, which makes intuitive sense as the underlying thermodynamic properties of the adsorbent can have a significant impact on fluid adsorption. Previous work has focused on pure and binary fluids above their bulk critical temperature in flexible adsorbents. Their adsorptive behavior has been studied carefully by systematically varying the properties of the adsorbent, demonstrating how different adsorbents can be screened computationally in an efficient manner. 35, 36, 50, 51 At temperatures below the bulk fluid critical temperature, fluid phase transitions can occur within the pores of an adsorbent material. Previous simulation work examining these fluid phase transitions in flexible materials has been limited to elastic adsorbent models, 9, 52 where adsorbent deformation is small and occurs around an equilibrium state. In flexible adsorbents where there exists the possibility of an underlying structural phase transformation, such as those exhibiting polymorphism, the material can undergo large-scale deformation in response to a stimulus, such as mechanical pressure or fluid adsorption. [53] [54] [55] [56] In this situation, the interplay between the structural changes in an adsorbent material and the fluid phase transitions taking place within it has been largely unexplored apart from specific forms of material flexibility. 57, 58 Here, we explore how changing both the nature of the material flexibility and the strength of the fluid-wall attraction (while holding the fluid-fluid interactions fixed) affects both the shape of the observed isotherm and the pressure of the equilibrium capillary phase transition, in an effort to identify general trends that may guide future material development. To avoid ambiguity, the confined fluid phase transitions of interest in this work are often referred to as capillary phase transitions, akin to the liquid-vapor phase transition in bulk fluids. Here, we seek to elucidate the fundamental aspects of this interplay by interrogating a relatively simple model of a flexible adsorbent using flat-histogram sampling methods.
The outline of this paper is as follows. In Sec. II, we review the osmotic ensemble formalism used to study adsorption in flexible adsorbents. The flat-histogram sampling method employed to construct the free energy landscapes is discussed in Sec. III, while simulation details are given in Sec. IV. Results are presented and discussed in Sec. V, and conclusions are given in Sec. VI.
II. PORE FLEXIBILITY AND THE OSMOTIC ENSEMBLE
In this work, we performed molecular simulations in the osmotic ensemble 49, 50, 59, 60 to study capillary phase transitions in flexible porous materials. Conceptually, the osmotic ensemble is closely related to the grand canonical ensemble, except that the volume of the adsorbent material is allowed to fluctuate in the former, while it is fixed in the latter. Thermodynamically, the two ensembles are related by a Legendre transform of the conjugate pair p-V, where p is the pressure and V is the volume. The reader is referred to Refs. 35 and 50 for detailed discussions of the thermodynamics and statistical mechanics of this ensemble.
Strictly speaking, adsorption of a pure fluid in a porous material should be treated as a two-component system, consisting of the adsorbate fluid and the adsorbent material, which we designate as components 1 and 2, respectively. For simplicity, we consider a slit pore situated in a bulk reservoir of pure adsorbate fluid at temperature T and chemical potential µ 1 . The pore walls are assumed to be vertically mobile, structureless, semi-infinite, and rigid (i.e., non-bending) solids, and their movement is restricted to be symmetric about z = 0. Because the walls are vertically mobile, the instantaneous pore width h, defined as the distance between the interior surfaces of the walls, varies. This variation mimics volumetric changes often associated with flexible materials. In the absence of adsorbate fluid, the equilibrium pore width is determined by a bare adsorbent free energy F(h), which can be regarded conceptually as a "bonding" potential governing the movement of the walls. More generally though, F(h) is the volumetric variation of the Helmoltz free energy of the bare adsorbent, and it is an inherent property of the adsorbent material. In the presence of adsorbate fluid, the equilibrium pore width is determined by additional factors, such as the pressure of the adsorbate reservoir p and the amount of adsorbate N 1 within the pore. In Fig. 1 , we provide an illustration of the setup.
The independent variables in the osmotic ensemble are µ 1 , p, T, and N 2 , where N 2 is the amount of adsorbent. Note that because we are considering a pure adsorbate fluid, p, the pressure of the adsorbate reservoir, is actually a function of µ 1 and T. The thermodynamic potential of the osmotic ensemble, Ψ, is
where µ 2 is the adsorbent chemical potential. Because the pore walls are assumed to be structureless, the value of N 2 is just a parameter, and its value is arbitrary. For the situation described above and sketched schematically in Fig. 1 , the osmotic partition function Γ can be written as 50
Schematic illustration of fluid adsorption in a slit pore in the osmotic ensemble. The slit pore is situated in a bulk reservoir of adsorbate fluid at chemical potential µ and temperature T. The pore walls are assumed to be rigid, structureless, and semi-infinite solids. Contraction and expansion of the walls is restricted to be symmetric about z = 0. In the absence of adsorbate fluid, the equilibrium pore width is determined by a "bonding potential" F(h).
where β = 1/(k B T ), k B is the Boltzmann constant, A is the cross-sectional area of the slit pore in the z-direction (i.e., the direction normal to the pore wall), and Q(N 1 , Ah, T ) is an adsorbate-specific canonical partition function, where the term Ah is the volume of the pore. The connection between the osmotic potential (free energy) and the partition function is provided by the bridge equation
At specified conditions of µ 1 , p, T, and N 2 , our goal is to calculate the probability of finding the slit pore at width h and finding N 1 adsorbate particles inside it. For notational convenience, we denote this joint probability as Π(N 1 , h; µ 1 , p) without explicitly writing the dependence on T and N 2 , which will be implied. Knowledge of this distribution along with appropriately accumulated statistics allows for the determination of a system's thermodynamic properties, including the free energy, over a wide range of conditions.
III. SIMULATION METHODS
We used the combination of two flat-histogram sampling methods, Wang-Landau (WL) and Transition-Matrix (TM) Monte Carlo, to construct the joint probability distribution Π (N 1 , h; µ 1 , p) . Flat-histogram methods seek to sample a specified macrostate space uniformly through the use of a self-consistently generated biasing function. This condition of uniform or flat sampling is important because it amounts to knowledge of the macrostate distribution itself, which is Π(N 1 , h; µ 1 , p) in this case. While we used the combination of WL and TM methods, this overall approach remains a TM-based method, since the WL portion only serves to prefill elements of the collection matrix, which is the central TM bookkeeping scheme. The WL-TM method combines the individual efficiencies of each approach and has been discussed in detail elsewhere. 50, 61, 62 The joint probability distribution Π(N 1 , h; µ 1 , p) was not determined directly from simulation. Rather, it was constructed from a series of conditional probability distributions Π(N 1 ; h, µ 1 ), each of which corresponds to the probability of observing N 1 adsorbate particles in a pore, given a specified pore width h and adsorbate chemical potential µ 1 . Using the combined WL-TM method, the conditional probability distributions Π(N 1 ; h, µ 1 ) were calculated at regularly spaced values of h over the range h min ≤ h ≤ h max , where h min and h max represent minimum and maximum pore-width values, respectively. Note that the thermodynamic constraints of fixed µ 1 , h, T, and N 2 correspond to those of the conventional grand canonical description of fluid adsorption in a rigid adsorbent material. 50 The joint probability distribution Π(N 1 , h; µ 1 , p) was ultimately constructed from the conditional probability distributions Π(N 1 ; h, µ 1 ) using the bare adsorbent free energy F(h) as a starting point. Since F(h) determines the equilibrium pore width in the absence of adsorbate fluid in the pore, that is, when N 1 = 0, it is related to Π(0, h; µ 1 , p),
where p is the pressure of the adsorbate reservoir and c is an arbitrary constant, which can be set to zero for convenience. Thus, given Eq. (4), the joint probability distribution Π(N 1 , h) can be constructed for N 1 > 0 and h min ≤ h ≤ h max as follows:
The entire distribution is normalized after it is constructed,
whereΠ is the normalized probability distribution, which is the form of distribution typically used to calculate thermodynamic properties. While the joint macrostate distribution Π(N 1 , h; µ 1 , p) is unique to the specified thermodynamic constraints used in the simulation, namely, fixed µ 1 , p, T, and N 2 , histogram reweighting can be used to determine this distribution at other conditions. 50 Given a known distribution
can be calculated at other values of µ 1 and p using the relation
where the last term is a ratio of osmotic partition functions, which can be neglected in practice due to normalization [see Eq. (6)].
As can be seen, histogram reweighting allows one to determine the joint macrostate distribution over a continuous range of adsorbate chemical potentials. Accordingly, thermodynamic properties of the system can be calculated over the same range of conditions. Given a macrostate distribution at specified µ 1 and p, the corresponding average property X in the osmotic ensemble is
whereX(N 1 , h) is the average value of X at a given macrostate (N 1 , h), which is straightforward to calculate during a simulation. The osmotic free energy Ψ(µ 1 , p, T, N 2 ) is calculated directly from the joint macrostate distribution
where µ • 2 is the chemical potential of the empty adsorbent. Thus, the first term on the right-hand side of Eq. (9) is the ratio of the free energy of the bare adsorbent to thermal energy k B T.
As long as the macrostate distribution possesses a single peak, Eqs. (8) and (9) can be used as written. That is, the summations can be taken over all values of N 1 and h. However, when the distribution possesses more than one peak, the summation over N 1 and h must be performed with some care because each peak corresponds to a different thermodynamic phase. For example, the osmotic ensemble average of property X for phase α is
and the corresponding osmotic free energy Ψ (α) for phase α is
The restricted summations in Eqs. (10) and (11) require assigning or mapping each (N 1 , h) pair to a peak in the macrostate distribution. In this work, we use a steepest-ascent mapping procedure, which is used in Bader charge analysis to assign partial charges to atoms based upon an electron charge density. 63 This simple and robust method avoids the complicated tasks of locating stationary points and constructing dividing surfaces in the distribution. At fixed temperature, phase equilibria conditions can be determined by locating points of intersection between the osmotic free energy curves of different phases as a function reservoir pressure p. In addition, stability limits can be determined by examining the barrier heights between phases. Here, we use a barrier height criterion of k B T to define a limit of stability. This represents a kinetic definition of a stability limit because thermal fluctuations are enough to allow a system to surmount a barrier height of this magnitude. 64 
IV. SIMULATION DETAILS
We studied adsorption of the shifted-force Lennard-Jones (LJ) fluid in flexible slit pores. For this fluid model, fluid particles separated by a distance r interact through the following pairwise interaction potential u ff (r)
for r ≥ r c (12) where u LJ (r) is the Lennard-Jones potential
The well depth and particle diameter are given by and σ, respectively. In this work, we use a cutoff distance r c = 3σ.
For the interaction between a fluid particle and a single pore wall, we used the following potential
where z is the vertical distance from the wall of interest, fw is the strength of attraction between the wall and a fluid particle, and we have set σ fw = σ. We studied fluid adsorption in several different adsorbent materials by varying the attractive strength of the fluid-wall interaction fw and the bare adsorbent free energy F(h). We used fluid-wall interaction strengths of fw / = 2.5, 5.0, 7.5, and 10.0. This range of values spans the limits of weakly to strongly adsorbing pore walls. We restricted our attention to bare adsorbent free energies exhibiting two basins, that is, adsorbents exhibiting two-state polymorphism, distinguishable by pore size, i.e., a biparabolic free energy profile similar to those identified in various first-principles calculations [65] [66] [67] [68] and used previously in classical molecular simulations. 49 The basin with the smaller pore width corresponds to a narrow pore (NP) configuration, while the basin with the larger pore width corresponds to a large pore (LP) configuration. This is analogous to the NP and LP structures observed in flexible adsorbent materials, such as MIL-47 and MIL-53. The free energy difference between the two basins was varied systematically while fixing the height of the free energy barrier in going from the LP to the NP configuration. In total, we used seven F(h) profiles. Three of these seven profiles corresponded to materials in which the NP configuration was more stable, and we refer to these as NP-stable adsorbents. To complement the NP-stable adsorbents, three LP-stable adsorbents were used, and these F(h) profiles corresponded to materials where the LP configuration was more stable. For completeness, we also employed an EQ adsorbent where the two basins can be described as being in equilibrium. This material was characterized by a symmetric, biparabolic F(h) with NP and LP basins of equal depth. In all cases, the minimum and maximum attainable pore widths, h min and h max , were set to 9σ and 11σ, respectively. For each of the seven different bare adsorbent free energy profiles, we calculated adsorption isotherms and osmotic free energies using the four different fluid-wall interaction strengths listed above.
As discussed, the joint macrostate distribution Π(N 1 , h; µ 1 , p) was constructed from a set of conditional macrostate distributions Π(N 1 ; h, µ 1 ), calculated using a combined WL-TM Monte Carlo method. These fixed-h simulations were performed at values of h in the range of h min ≤ h ≤ h max at regularly spaced intervals of ∆h/σ = 0.1. A linear interpolation scheme was subsequently used to estimate the fixed-h macrostate distributions at a finer interval of ∆h/σ = 0.02. The WL-TM simulations were performed at reduced temperatures of k B T / = 0.70 and 0.85. Since the bulk fluid critical temperature of the shifted-force LJ fluid used here is k B T c / = 1.079, 69 capillary phase transitions were expected at these conditions. The imposed activity of the simulations depended on the temperature and strength of the fluid-wall interaction. Here, the activity is defined as ln ξ 1 = β µ 1 3 ln(Λ/σ), where Λ is the thermal deBroglie wavelength of a fluid particle. At k B T / = 0.85, we used an activity of 3.5 for the weak and moderate fluid-wall interactions, and a value of 4.0 for strong fluid-wall interactions. At k B T / = 0.7, we only employed a fluid-wall interaction strength of fw / = 2.5, and an activity of 5.0 was used in this case. The maximum number of adsorbate particles N max 1 was set to approximately 800. In situations where the WL-TM simulations were not able to reach this value, a simple extrapolation scheme was used to estimate the macrostate distribution at these extreme conditions. The dimensions of the slit pore were 10σ × 10σ × h, and periodic boundaries were applied in the x-and y-directions. Because an adsorption isotherm expresses the amount of adsorbate within the pore as a function of the reservoir pressure, WL-TM simulations of the bulk fluid were also performed. These simulations were performed at k B T / = 0.70 and 0.85 using ln ξ 1 = 5.0 and 3.8, respectively. A cubic simulation box of reduced volume V /σ 3 = 729 was used in both the cases.
V. RESULTS AND DISCUSSION
Because the pore volume can vary in the systems studied in this work, the instantaneous fluid density in the pore can be misleading when comparing the amount of adsorbate fluid in the adsorbent at different conditions. To make meaningful comparisons, we define ρ max as
which is the density of the adsorbate fluid inside the pore, calculated in terms of the maximum attainable pore width h max . To preface further our results, we note that the adsorption isotherms presented here do not resemble typical subcritical isotherms in rigid slit pores, which usually display two distinct phases, one corresponding to a vapor-like fluid and the other corresponding to a liquid-like fluid. While only a single pore configuration is possible in a rigid slit pore, the complexity observed here in flexible slit pores arises from the possibility of finding different fluid phases in different pore configurations. For a subcritical fluid in a slit pore exhibiting two-state polymorphism, we found four distinct phases, with each phase being distinguishable by a combination of confined fluid density, as defined in Eq. (15), and pore configuration, and each appearing as a separate branch or segment in the adsorption isotherm. Two of the phases corresponded to vapor-like fluids in the NP and LP pore configurations, and for simplicity, we refer to them as the NP v and LP v phases, respectively. The other two phases corresponded to liquid-like fluids in the NP and LP pore configurations, and we refer to them as the NP l and LP l phases, respectively. Given that multiple phases can exist, the thermodynamically stable phase is, of course, the one with the lowest free energy. When free energies are not available, the "net" adsorption isotherm is a useful quantity for identifying the stable phase from multiple possibilities.
Mathematically, the "net" isotherm corresponds to the application of Eq. (8) regardless of how many phases or peaks the macrostate distribution possesses. This construction effectively traces out the stable portions of a seemingly complex adsorption isotherm.
In the following subsections, we present simulation results at a reduced temperature of k B T / = 0.85 using fluid-wall interaction strengths of fw / = 10, 7.5, 5.0, and 2.5. We also examined systems at a lower temperature of k B T / = 0.70, but we only used a fluid-wall interaction strength of fw / = 2.5 in that case. The results are organized by T fw combinations.
For each combination, we calculated adsorption isotherms and osmotic free energies using the set of seven F(h) profiles, which consisted of one EQ adsorbent, three LP-stable adsorbents, and three NP-stable adsorbents. This categorization of the F(h) profiles provides a natural way to further organize the results. Thus, for each T fw combination, results for the NPstable and LP-stable adsorbents are presented separately while using the EQ adsorbent as a reference in each case. A twocolumn format is used in the figures, and they consist of panels of adsorption isotherms on the left-hand side and osmotic free energies on the right-hand side. The sets of F(h) profiles considered in each figure are provided in the insets. Within a given row of panels, the F(h) curve in bold represents the specific profile used for those calculations. Adsorption isotherms are plotted as a function reservoir pressure p, and "net" adsorption isotherms are also provided to aid the identification of the stable phase. The osmotic free energy of phase α is calculated relative to the empty adsorbent material, Ψ (α) µ • x N 2 , and also plotted as a function of reservoir pressure. Finally, we note that F(h) is dependent on system size and would necessarily be scaled by a pore-size metric such as volume or surface area if a different size was examined; all pores studied here have identical surface area (100σ 2 per wall), and thus, F(h) is given in macroscopic units. figure. In the bottom row of panels, we also explicitly mark stability limits encountered as the adsorbent is filled or emptied. These are referred to as adsorption and desorption stability limits, respectively.
A. Isotherms at
We first make some general observations regarding Figs. 2-5 before discussing adsorption in the different adsorbent materials. At low loadings or reservoir pressures, only the LP v and NP v phases can exist. Strong fluid-wall interactions lead to the formation of a single fluid film or monolayer at low reservoir pressures, which are reflected by the near-vertical slopes of the vapor branches of the adsorption isotherms and osmotic free energy curves. At intermediate loadings or pressures, the NP v and LP v branches terminate at adsorption stability limits. The reservoir pressure of the LP v stability limit is higher than that of the NP v stability limit, which is consistent with the physical intuition, namely, that the larger pore configuration has more fluid capacity than the smaller one. The emergence of the NP l and LP l phases occurs at finite adsorbate loading, typically ρ max σ 3 0.45, and they become the only possible phases at high loading or reservoir pressure. Notice that the density [as defined by Eq. (15)] of the LP l phase is higher than that of the NP l phase, which is again physically consistent with the LP configuration having more volume than the NP configuration. Adsorption stability limits for the liquid phases are not observed over the pressure range studied. Interestingly, the desorption stability limit of the NP l phase extends down to lower reservoir pressures than that of the LP l phase. This is consistent with the reservoir pressure of the liquid spinodal decreasing with decreasing pore size in rigid adsorbents.
In the NP-stable and EQ adsorbents (see Figs. 2 and 4) , the NP v phase is thermodynamically stable at low pressures or adsorbate loadings. Stabilization of the NP v phase in the EQ adsorbent is another indication that the fluid-wall interaction is strong. In these systems, a phase transition is observed. This phase transition, which occurs at low reservoir pressures, involves the NP v and NP l phases and corresponds to a conventional capillary fluid phase transition. For this reason, we let p cap represent the equilibrium reservoir pressure of this low-pressure phase transition. The point to emphasize is that the confined adsorbate fluid drives this phase transformation. The precise value of p cap can be determined by locating the intersection of the osmotic free energy curves of the NP v and NP l phases. It can also be estimated by locating the midpoint of the sigmoidal portion of the net isotherm. Beyond p cap , the NP l phase is thermodynamically stable up to p sat , while the LP l phase is metastable. Although the physical intuition suggests that the LP l phase should eventually be stable at high reservoir pressures, we have not explored a pressure range that is large enough to reflect this expectation. However, for the EQ adsorbent, there is a slight upturn in the net isotherm, which points to LP l stability at higher pressures.
In the LP-stable adsorbents (see Figs. 3 and 5) , the LP v phase is initially stable at low pressures. We find two phase transitions in these systems: one at low pressure (low-p) and the other at high pressure (high-p). The former corresponds to the capillary fluid phase transition observed in the NP-stable and EQ adsorbents (i.e., NP v ↔ NP l ). However, the distinguishing feature of the low-p transition in LP-stable adsorbents is that a change in pore configuration (i.e., LP ↔ NP) now occurs. Elastic adsorbents, characterized by a parabolic F(h) profile, are known to contract slightly when capillary condensation occurs, but the structural transformation observed here is more substantial. The high-p transition bears out the expectation that the LP l phase should be stable at high pressures. That is, the pore must eventually expand to accommodate additional adsorbate fluid. Thus, we let p exc represent the equilibrium reservoir pressure of this high-p transition since it is driven by packing or excluded volume effects. The precise value of p exc can be determined by locating the intersection of the NP l and LP l osmotic free energy curves, while estimates can be obtained by locating the midpoint of the sigmoidal portions of the net isotherms. Finally, notice that p cap is generally higher in LP-stable adsorbents than in NP-stable ones. This is not surprising given the larger fluid capacity of the LP configuration relative to the NP configuration.
Grouping our results into NP-and LP-stable adsorbents facilitates the assessment of the impact of polymorph stability, an intrinsic material property of the adsorbent, on subcritical fluid adsorption in flexible pores. Here, we highlight the more prominent impacts that can be readily identified. We define inherent polymorph stability by the quantity ∆F NL = F NP F LP , which is the free energy difference between the NP and the LP basins. Thus, ∆F NL > 0 for LP-stable adsorbents and ∆F NL < 0 for NP-stable adsorbents. We start by focusing on the observation that p exc decreases with increasing ∆F NL , that is, as the inherent stability of the LP configuration increases. This can be understood by considering adsorbents with sufficiently large free energy differences between the NP and the LP basins that they are effectively restricted to either the NP or the LP configuration. Materials with these restraints are accordingly referred to as NP-and LP-only adsorbents, respectively. Consider first an NP-only adsorbent, where ∆F NL → ∞. In an NP-only adsorbent, the high-p transition cannot occur since the LP configuration is not accessible. In other words, p exc is essentially infinite in an NP-only adsorbent. Now consider an LP-only adsorbent, where ∆F NL → +∞. In this case, we focus on the capillary fluid phase transition that occurs, of course, in the LP configuration. Notice that this capillary phase transition in the LP configuration can be regarded as a direct transformation between the LP v and the LP l phases. Thus, in this regard, the low-and high-p transitions coincide in an LPonly material. It follows that the equilibrium capillary phase transition pressure of the fluid in the LP-only adsorbent represents a lower bound on the range of possible p exc values in the flexible adsorbents studied here. Therefore, in adsorbent materials intermediate between NP-and LP-only adsorbents, p exc should decrease as ∆F NL increases (e.g., as inherent LP stability increases), reaching a limiting value corresponding to the equilibrium capillary transition pressure of the fluid in the LP-only adsorbent.
Similar arguments can be used to explain the slight increase in p cap with increasing ∆F NL , that is, as the stability of the LP configuration increases. The variation in p cap is clearly not as dramatic as p exc . It is limited to a small pressure range bounded by the equilibrium capillary phase transition pressures of the fluid in the NP-and LP-only adsorbents, which is a reflection of the weak pore-width dependence of this equilibrium transition pressure in rigid pores. Adsorbents with larger pore-width differences in the NP and LP configurations will accordingly have larger ranges of possible p cap values. Nonetheless, that p cap falls within these bounds even when it involves a non-trivial change in the adsorbent structure (e.g., LP v ↔ NP l in LP-stable adsorbents) indicates that the transition is driven primarily by the changes in the confined fluid and that the adsorbent responds by reducing its pore size.
Polymorph stability underlies another trend that can be gleaned from Figs. 2-5. In particular, we see that the desorption stability limit of the LP l phase increases with decreasing ∆F NL . Looking again at the limiting case of an NP-only adsorbent, it is impossible for the pore to adopt the LP configuration, and thus, the pressure of the LP l desorption stability limit is infinite. At the opposite extreme, in an LPonly adsorbent, the desorption stability limit is simply that of the fluid in an LP configuration, which is a lower bound for the range of possible values. Thus, the reservoir pressure of the LP l desorption stability limit increases as ∆F NL decreases, that is, as the intrinsic stability of the NP configuration increases.
B. Isotherms at k B T / = 0.85 and fw / = 5.0
We now consider a moderate fluid-wall interaction strength of fw / = 5.0 at k B T / = 0.85 while using the same F(h) profiles as before. Results for NP-and LP-stable adsorbents, as well as the EQ adsorbent, are given in Figs. 6 and 7. Differences in the adsorptive behavior stemming from the use of strong and moderate fluid-wall interaction strengths are noticeable. They are most prominent at low adsorbate loadings, where multiple fluid layers form on the interior pore surface (i.e., multi-layer formation) instead of a single, well-defined fluid film (i.e., film formation) in the case of a strongly adsorbing surface. 70 As a result, the initial slopes of the adsorption isotherms and free energy curves are finite, instead of nearly vertical. In addition, the densities of the various phases (i.e., NP v , NP l , LP v , and LP l ) resulting from moderate fluid-wall attractions are slightly lower than those resulting from strong fluid-wall attractions.
In NP-stable and EQ adsorbents with a moderate fluidwall attraction, the NP v phase is stable at low adsorbate loadings, which was also the case for strongly adsorbing walls. Comparing Fig. 6 with Figs. 2 and 4 , the main distinction between strong and moderate fluid-wall interactions is that the high-p transition is observable in NP-stable and EQ adsorbents within the reservoir pressure range of interest. Thus, weakening the fluid-wall attraction reduces p exc . In LP-stable adsorbents with moderately and strongly adsorbing pore walls, the adsorptive behavior is very similar. In the adsorbent materials studied in Figs. 6 and 7, we find both low-and high-p phase transitions. The systematic variation of p cap and p exc with inherent polymorph stability (i.e., ∆F NP ) noted for strongly adsorbing walls is also observed here.
Some other interesting features can be seen in the adsorption isotherms and osmotic free energy curves obtained from adsorbent materials with moderate fluid-wall interactions. For example, in the LP-stable adsorbent corresponding to the bottom row of panels in Fig. 7 , there is a small pressure window FIG. 8 . Pore width as a function of reservoir pressure for fw / = 5.0 at k B T / = 0.85. The corresponding adsorption isotherm and osmotic free energies are given in the bottom row of graphs in Fig. 7 . The blue dashed lines are the stability limits encountered upon adsorption (a) and desorption (d). Equilibrium reservoir pressures for the low-p (p exc ) and high-p (p exc ) transitions are also marked for reference. Note that since the adsorbent is LP-stable, the material fills along a path starting from the LP vapor phase. For clarity, the pore width of the NP vapor is not shown because it is not a thermodynamically stable phase over the pressure range investigated.
FIG. 9. Adsorption isotherms (left column) and corresponding osmotic free energies (right column) at k B T / = 0.85 and fw / = 2.5 as a function of bulk fluid (reservoir) pressure for several NPstable adsorbents with F(h) profiles provided in the insets. A row of panels represents the adsorption isotherm and osmotic free energy obtained from the bare adsorbent free energy given by the bold curve in the inset. The blue dashed lines are stability limits, with the arrows indicating whether they are encountered with increasing or decreasing reservoir pressure.
around pσ 3 / ≈ 0.0075 in which the osmotic free energies of the four phases are comparable, representing conditions where all the four phases can potentially be observed. To be clear, this is not the same as four-phase coexistence where equality of the osmotic free energies holds. While we do not find conditions where this equality is satisfied, the comparable osmotic free energies render it possible to observe all the phases simultaneously in the vicinity of pσ 3 / ≈ 0.0075. At these conditions, the thermodynamically stable phases can be identified easily by examining the osmotic free energy curves. As another interesting example, we find an adsorption stability limit for the NP l phase, which is located at reservoir pressures greater than p exc . The finite length of the NP l branch suggests that this phase can be considered a stable intermediate state at moderate reservoir pressures. At higher reservoir pressures, it eventually gives way to the LP l phase since it cannot accommodate more fluid while maintaining a compact pore size.
For completeness, we plot in Fig. 8 the pore width as a function of reservoir pressure for the LP-stable adsorbent corresponding to the bottom row of Fig. 7 . Not surprisingly, the material starts out in the LP configuration. We note that the pore width decreases slightly with reservoir pressure due to the moderate fluid-wall interaction, though the negative slope is not obvious from the figure. As the adsorbent fills with fluid (i.e., as the reservoir pressure increases), capillary condensation occurs, which is the low-p transition, and it is accompanied by a change in pore configuration from the LP to the NP. The net result is a transformation from the LP v to the NP l phase. Adsorption stability limits are denoted in Fig. 8 as vertical arrows labeled "a." Increasing the reservoir pressure further leads to dramatic pore expansion, the high-p transition, a consequence of the NP l LP l transformation that is driven by packing effects. Similar non-monotonic pore-width variation is also observed when the adsorbent is emptied, that is, during desorption. Accordingly, desorption stability limits are denoted as vertical arrows labeled "d" in Fig. 8 . Overall, the expansion and contraction of the adsorbent is often referred to as "breathing" because it mimics the breathing motion of a lung. Experimentally, this has been observed in flexible materials, such as MIL-53, with fluids above their bulk critical temperatures, conditions where capillary phase transitions do not take place. 71 Here, we show that adsorbent breathing is possible at subcritical conditions and is driven by the combination of a capillary phase transition at low adsorbate loadings and excluded volume effects at high loadings. C. Isotherms at k B T / = 0.85 and fw / = 2.5
Results at k B T / = 0.85 for the weakest fluid-wall interaction, fw / = 2.5, are presented in this subsection. Adsorption isotherms and osmotic free energies for NP-and LP-stable adsorbents, as well as the EQ adsorbent, are given in Figs. 9 and 10. When the fluid-wall interaction is weak, the adsorption isotherms and osmotic free energy curves do not depend strongly on reservoir pressure at low adsorbate loadings. That is, the initial slopes of these curves are noticeably flatter in comparison with those obtained with stronger fluid-wall interactions. While it is not obvious in the figures, it is worth noting that the LP v phase is more stable than the NP v phase in the EQ adsorbent at low adsorbate loadings. That the fluid-wall attraction is not strong enough to stabilize the NP configuration in the EQ adsorbent is another indication that the pore walls used here are weakly adsorbing. Notice, too, that the range of osmotic free energies is approximately 600k B T, a significant reduction compared with the other cases studied thus far.
Aside from the subtle details noted above, the general qualitative features of the adsorption isotherms and osmotic free energy curves do not change upon reducing the attractive strength of the wall from fw / = 5.0 down to 2.5. Both   FIG. 11 . Pore width as a function of reservoir pressure for fw / = 2.5 at k B T / = 0.85. The corresponding adsorption isotherm and osmotic free energies are given in the bottom row of graphs in Fig. 9 . The blue dashed lines are stability limits encountered upon adsorption (a) and desorption (d). Equilibrium reservoir pressures for the low-p (p exc ) and high-p (p exc ) transitions are also marked for reference. For this NP-stable adsorbent material, the material fills along a path starting from the NP vapor phase. For clarity, the pore width of the NP vapor is not shown because it is not a thermodynamically stable phase over the pressure range investigated.
low-and high-p transitions are observed in the NP-stable, LP-stable, and EQ adsorbents. The exception is the LP-stable adsorbent corresponding to the bottom row of Fig. 10 , where only the low-p capillary phase transition occurs. The reason is that the adsorbent is effectively an LP-only adsorbent. Thus, this phase transition mounts to a coincidence of the separate low-and high-p transitions that would otherwise occur in LP-stable adsorbents if ∆F NL were smaller (e.g., if the LP configuration were inherently less stable). Consistent with previous results, we find that quantities, such as p cap , p exc , and the LP l desorption stability limit, vary systematically with ∆F NL , which is a measure of intrinsic polymorph stability.
In Fig. 11 , we plot the pore width as a function of reservoir pressure for the adsorbent material corresponding to the bottom row of Fig. 9 . Since the adsorbent is NP-stable, it starts out in the NP configuration. While not obvious in the figure, the pore width of the NP v phase increases slightly with reservoir pressure due to the weak fluid-wall interaction. Even though the LP v phase is metastable, its pore width also has a slight positive slope as a function of reservoir pressure. However, we have left this curve out of the figure for clarity. In contrast, the pore widths of the NP v and LP v phases decreased with increasing reservoir pressure in the case of fw / = 5.0. As the adsorbent fills, we encounter two transitions. The first transition is capillary condensation accompanied by modest pore contraction within the NP configuration. Note that this example of capillary-induced deformation is what would be observed in a flexible adsorbent material characterized by a parabolic F(h) with a single basin (i.e., an elastic material) and is entirely consistent with experimental observations of capillary condensation in "rigid" adsorbents, such as water in SBA-15 72 and C 5 H 12 and C 5 F 12 in MCM-41. 9 The second transition is pore expansion resulting from a pore configuration change from NP to LP. While the density of the adsorbate fluid does increase, the density change is modest compared with that of the low-p transition. The main feature of this high-p transition is the large-scale expansion of the adsorbent material. A corresponding complementary pair of desorption transitions can be observed as the reservoir pressure is reduced. EQ adsorbent in the top row of each figure. Because of the lower temperature used here, the investigated pressure range is also smaller compared with the previous cases. Nonetheless, we were able to study a pressure range of 0 < pσ 3 / < 5.87 × 10 3 , which extends beyond the bulk saturation pressure of the fluid at this temperature (p sat σ 3 / = 4.93 × 10 3 ). The fluid-wall interaction can still be considered weak at this temperature, which is reflected by the flat initial slopes of the vapor branches. The adsorption isotherms and osmotic free energy curves are consistent with those at k B T / = 0.85 and fw / = 2.5. As before, we find that the stable pore configuration at low adsorbate loading is determined by the inherently stable polymorph, and in the case of the EQ adsorbent, the NP configuration is stabilized by the presence of adsorbate fluid at low reservoir pressures. Low-and high-p phase transitions are observed under the present conditions. In the EQ and NP-stable adsorbents, the low-p transition occurs without a change in pore configuration, while a change in pore configuration accompanies the transition in LP-stable adsorbents. It is also worth noting that we do not observe an adsorption stability limit for the NP l phase within the reservoir pressure range studied, which is similar to the case of strongly adsorbing walls, fw / = 7.5 and 10, at k B T / = 0.85. Observed systematic changes in p exc , p cap , and the stability limit of the LP l phase with inherent NP (or LP) stability are consistent with results presented thus far, and they can be rationalized by considering LP-and NP-only adsorbents.
There are some notable differences arising from the reduction in temperature. For example, we find that the adsorption stability limits of the NP v and LP v are nearly identical at this lower temperature, whereas the LP v had a significantly higher adsorption stability limit than the NP v at k B T / = 0.85. It is also worth pointing out that the osmotic free energies of the liquid phases, particularly the NP l , tend to be significantly greater than the empty adsorbent, that is, β(Ψ (α) µ • 2 N 2 ) > 0, at reservoir pressures below p cap . Interestingly, while p cap is below the bulk saturation pressure p sat , p ext > p sat in the NP-stable adsorbents (see Fig. 12 ).
VI. CONCLUSIONS
Using flat-histogram sampling in the osmotic ensemble, we have performed a systematic study of capillary phase transitions within flexible slit pores exhibiting two-state polymorphism. Specifically, we studied the impact of temperature, fluid-wall interaction strength, and polymorph stability on the adsorptive behavior of a pure fluid within a pore whose volume can fluctuate. Adsorption isotherms and osmotic free energies were calculated for 28 adsorbent materials representing the different combinations of F(h) and fw / . The different bare adsorbent free energy profiles were all biparabolic, with one NP basin and one LP basin. We studied a range of different F(h) profiles including NP-stable, LP-stable, and EQ adsorbents. Fluid-wall interactions fw / varied from weak to strong.
Previous simulation work involving flexible adsorbents employed adsorbate fluids above their bulk critical temperature or examined materials with specific forms of flexibility at (bulk) subcritical temperatures. 57, 58 In this work, we studied subcritical temperatures where the fluid was able to undergo a capillary phase transition and the adsorbent material could change between a narrow pore and a large pore configuration. Four distinct phases (NP v , NP l , LP v , and LP l ) were found in the systems studied, and the stable phases could be identified by using either the net isotherm or the osmotic free energy curves. The latter provides more detailed information regarding relative thermodynamic stability of the various phases, while the former represents an approximate means for identifying the stable phase. At low reservoir pressures or loadings, the stable pore configuration is determined by the inherently stable one, although in the EQ adsorbent, the NP can be stabilized by virtue of sufficiently strong fluid-wall interactions. At high reservoir pressures or loadings, the LP configuration eventually becomes the stable one due to excluded volume effects in the liquid-like adsorbed phase.
For the conditions and adsorbent materials studied in this work, we generally found two phase transitions: one at low pressure (low-p), which is driven by a capillary fluid phase transition, and the other at comparatively higher pressure (high-p), which is driven by the packing of adsorbate particles. In NP-stable adsorbents, the capillary phase transition is accompanied by modest pore contraction (while remaining in the same pore configuration), which is consistent with observations of capillary-induced deformation in elastic adsorbents. In contrast, large-scale deformation corresponding to a change in pore configuration can accompany the capillary phase transition in LP-stable adsorbents. The equilibrium reservoir pressure for this transition p cap is bounded by the equilibrium capillary phase transition pressures in NP-and LP-only adsorbents and varies systematically as the relative inherent stability of the two pore configurations changes. For the high-p transition, p exc also changes systematically with relative polymorph stability. We have also shown that adsorbent breathing can take place at subcritical conditions where the changes in pore width are caused by capillary-induced deformation and fluid packing effects.
Finally, we have restricted ourselves to a limited range of different F(h) profiles. That is, a number of important features in the profiles, such as the barrier height from the NP to the LP state, the location of the barrier, and the location of the basins, have been fixed in order to isolate the effect of ∆F NL , which describes relative polymorph stability in the empty adsorbent (e.g., NP vs LP), on the adsorptive behavior of subcritical fluids in these different materials. A number of other adsorbent properties can also be studied, such as a systematic variation of the curvature or stiffness of the basins in F(h) as well as their location, that is, the pore size of the NP and LP configurations. Other directions for future work also include multicomponent adsorbate fluids, which will be highly relevant to fluid separations. 
